A current challenge in nanomedicine is to develop innovative strategies to fight infections caused by multiresistant bacterial pathogens. A striking example is antiadhesion therapy, which represents an attractive alternative to antibiotics to prevent and treat biofilm-associated infections on medical devices. By means of single-cell force nanoscopy, we demonstrate that sophorolipid (SL) biosurfactants feature unusually strong antiadhesion properties against Staphylococcus aureus and Escherichia coli, two nosocomial pathogens involved in catheter-related infections, which represent a major public health problem worldwide. We find that the nanoscale adhesion forces of single bacteria are much weaker on SL monolayers than on abiotic alkanethiol monolayers. The remarkable antifouling efficacy of SL-surfaces is likely to involve repulsive hydration forces associated with sophorose headgroups. We also show that, owing to their surfactant properties, soluble SLs block bacterial adhesion forces towards abiotic surfaces. Collectively, our single-cell experiments demonstrate that sophorolipids exhibit strong and versatile antiadhesion properties, making them promising candidates to design anti-infective biomaterials.
Introduction
Many bacterial pathogens attach to biomaterials such as catheters, and grow to form biofilms. 1, 2 These surface-associated multicellular communities cause infections that are difficult to treat because bacteria within biofilms are inherently more resistant to antibiotics. Bacterial adhesion to medical materials involves a wealth of molecular interactions, that are either specific (adhesin-ligand interactions) or non-specific (hydrophobic and electrostatic interactions). 3 An attractive strategy to fight biomaterial-related infections is the use of surface coatings with anti-infective properties, relying either on biocidal or antiadhesive activities. [4] [5] [6] [7] The advantage of antiadhesion surfaces is that they do not involve the spread of antibacterial compounds in the environment, therefore limiting the development of resistant strains. Effective antiadhesion coatings should be able to inhibit both specific (e.g. lectin-sugar) and nonspecific (e.g. hydrophobic) adhesive interactions. End-grafted poly(ethylene glycol) (PEG) chains represent a popular strategy for the design of antifouling biomaterials. 7, 8 An interesting alternative is the use of carbohydrate compounds, which feature antiadhesion properties, low toxicity and can be produced in large amounts. 9, 10 Among these, microbial glycolipids are biosurfactants [11] [12] [13] wellknown for their antimicrobial properties, 14 which involve both biocidal 15, 16 and antiadhesive effects. 15, [17] [18] [19] Sophorolipids (SLs) are glycolipids featuring strong antimicrobial action, 20 yet the underlying molecular mechanism remain controversial. 15, 16, [21] [22] [23] Using single-cell force nanoscopy, 24, 25 we measure the nanoscale adhesive forces between single bacteria and monolayers of alkanethiols or deacetylated C18:1 acidic, where the carboxyl group has been modified to allow binding onto gold surfaces (Fig. 1a ). 16, 22 We focus on the Gram-positive bacterium Staphylococcus aureus, a nosocomial pathogen frequently implicated in the colonization of biomaterials such as central venous catheters and prosthetic joints, 26 as well as on the uropathogenic Gram-negative Escherichia coli, known to be commonly involved in catheter-associated urinary tract infections. 5 We compare the passivating activity of SL-surfaces with that of surfaces modified with sophorose-free oleic acid (OA) which mimics only the aliphatic chain of sophorolipids or with a C18:0 SL-derivative having a fully saturated aliphatic chain (SL 0 ) ( Fig. 1b ). We also show the ability of soluble SLs to inhibit bacterial adhesion forces towards alkanethiol monolayers ( Fig. 1c ). Our results are of clinical significance as they open up new avenues for the design of infection-resistant biomaterials.
Results and discussion
Sophorolipid-surfaces show strong antiadhesion activity against S. aureus
We first sought to compare the nanoscale adhesive interactions between S. aureus and alkanethiol or SL monolayers (Fig. 2 ). By means of single-cell force spectroscopy, 27, 28 we investigated the forces between single Newman wild-type (WT) bacteria and hydrophobic methyl-terminated monolayers (water contact angle B1101). 29 Hydrophobic surfaces were used because hydrophobic interactions represent one of the driving forces for the adhesion of bacterial pathogens to biomaterials. 30 Fig. 2a (left panel) shows the adhesion forces measured between single S. aureus bacteria and hydrophobic monolayers (three replicates; for data on more cells see Fig. 2b and c, red filled bars). Essentially all force curves (adhesion probability of 98 AE 2%; mean AE s.d. from 13 cells) showed large adhesion events of 3220 AE 2067 pN magnitude (mean AE s.d., n = 2825 adhesive curves from 13 cells). Adhesion profiles generally featured multiple sequential peaks (inset in Fig. 2a , left panel) with long extensions (258 AE 187 nm, n = 2825), suggesting that cell detachment lead to the stretching of large cell surface molecules. We postulated that these adhesion signatures are associated with the binding and unfolding of hydrophobic domains from cell surface proteins. To test this hypothesis, we studied the adhesion of a mutant deficient in sortase A, 31 the enzyme responsible for anchoring surface proteins to peptidoglycan (hereafter referred to as Newman DsrtA). As can be seen in Fig. 2b and c (red open bars) and Fig. S1a (ESI †) (red histogram), the interaction between Newman DsrtA cells and hydrophobic surfaces lead to much lower adhesion probability (54 AE 34%, 8 cells) and adhesion forces (119 AE 64 pN, n = 489 adhesive curves from 8 cells), suggesting that the strong forces of Newman WT bacteria are due to protein-dependent hydrophobic adhesion. Supporting this notion, adhesion between Newman WT cells and hydrophilic hydroxyl-terminated monolayers (water contact angle B301) 29 (Fig. 2a , middle panel in blue, and Fig. 2c , blue filled bars) is much weaker (adhesion forces of 226 AE 185 pN, n = 2021 adhesive curves from 13 cells) than on hydrophobic surfaces, and only featured single adhesive events. Even weaker adhesive forces (92 AE 22 pN, n = 320 curves from 7 cells) were observed with Newman DsrtA cells ( Fig. 2c and Fig. S1 , ESI, † blue), suggesting the involvement of surface proteins in hydrophilic adhesion. These results show that bacterial cell surface proteins are engaged in strong hydrophobic interactions with surfaces, while they also modestly contribute to hydrophilic adhesion. We speculate that, under force, hydrophobic protein domains are unfolded and exposed, thereby promoting hydrophobic adhesion. The B3000 pN forces are much larger than that those generally associated with single proteins at similar loading rates (B50-200 pN), 32 suggesting they reflect the binding and unfolding of a large number of adhesins. The B250 nm extensions correspond to elongated polypeptide chains of B700 amino acids, which is in the range expected for staphylococcal adhesins. 26 Besides, we note that for both WT and DsrtA strains, the adhesion probability on hydrophilic surfaces was substantial (48 AE 38% and 43 AE 43% from 13 WT and 7 DsrtA cells, respectively), pointing to the involvement of glycopolymers such as teichoic acids and peptidoglycan in hydrophilic interactions.
Analysis of WT bacterial adhesion forces on SL monolayers (water contact angle B501) 22 (Fig. 2a , right panel; Fig. 2b and c, orange filled bars) revealed adhesion forces of 249 AE 149 pN (n = 1186 adhesive curves from 10 cells) much lower than on hydrophobic surfaces ( Fig. 2b and c, red filled bars), and in the range of those on hydrophilic surfaces ( Fig. 2b and c, blue filled bars). In addition, the binding probability of the Newman WT strain was lower on SL surfaces (36 AE 35%) than on hydrophilic surfaces (Fig. 2b) . The Newman DsrtA strain showed even lower binding probability ( Fig. 2b and Fig. S1a , ESI, † orange), which suggests that SL targets not only surface proteins but also, to some extent, other components like teichoic acids and peptidoglycan. Overall, SL-surfaces display weaker adhesion than hydrophobic and hydrophilic surfaces, indicating that the structure of the glycolipid is critical for its antiadhesion activity.
Sophorolipid-surfaces show a broad spectrum of antiadhesion properties
During infection, the Gram-negative uropathogenic E. coli bacterium specifically binds to urinary epithelial cells using FimH, a widely-investigated mannose-binding protein expressed on cell surface pili. Whether FimH also contributes to nonspecific adhesion to abiotic surfaces is unclear. Interaction forces between cells overexpressing FimH (E. coli FimH + ) and hydrophobic monolayers ( Fig. 3a , left panel) featured adhesion events of 774 AE 724 pN magnitude (n = 2956 adhesive curves from 20 cells; Fig. 3c , red filled bar), which, although substantial, are clearly weaker than for S. aureus (Fig. 2) . Also, mostly single adhesion peaks were observed (inset in Fig. 3a 13 FimH À cells, Fig. 3b filled vs. open blue bars), confirming that strong adhesion is mostly hydrophobic in nature. Of note, rupture distances of E. coli FimH + cells were rather short on all substrates (379 AE 430 nm and 247 AE 317 nm, n = 3863 and 1154 adhesive curves from 20 cells, for hydrophobic and hydrophilic surfaces, respectively). This is in sharp contrast with the interaction between E. coli FimH + cells and mannose-coated surface, which showed elongated force plateaus (up to B5000 nm in length) reflecting pili unfolding. 33 All together, our observations show that FimH is not engaged in non-specific adhesion to surfaces, pointing to the role of other surface components such as outer membrane proteins and lipopolysaccharides. Notably, SL-surfaces featured very weak adhesion forces (Fig. 3a, right panel) , without any substantial differences between the FimH + (192 AE 114 pN, n = 2059 adhesive curves from 20 cells) and FimH À (169 AE 84 pN, n = 1868 adhesives curves from 13 cells) strains ( Fig. 3c, orange bars) . The binding probability appeared similar for both strains (47 AE 28% and 59 AE 27%, Fig. 3b , orange bars). Hence, while FimH interacts with mannosyl derivatives, it does not specifically bind to sophorose units. Similarly, others sugar-binding proteins such as Concanavalin A were also unable to bind sophorose. 34, 35 Collectively, these single-cell experiments demonstrate that SL-coated surfaces exhibit a broad spectrum of antiadhesion activity, being able to prevent the adhesion of both Gram-positive and Gram-negative pathogens. SLs interfere with S. aureus adhesion primarily by blocking protein-dependent hydrophobic forces, and to some extent by limiting glycopolymer interactions via e.g. teichoic acids and peptidoglycan. For E. coli, SL surfaces are insensitive to carbohydrate-binding protein FimH, and largely inhibit non-specific hydrophobic forces.
Molecular origin of the passivating effect of sophorolipids
As SLs are amphiphilic molecules, we wondered whether the structure of the carbohydrate group and of the aliphatic chain play important roles in their antiadhesive behavior. To test this, we probed bacterial adhesion forces towards substrates modified with sophorose-free oleic acid (OA) and with a fully saturated aliphatic chain C18:0 sophorolipid-derivative (SL 0 ) ( Fig. 4 ; water contact angles of SL, SL 0 and OA monolayers: 48 AE 21, 71 AE 21 and 55 AE 21). 22 For all strains, the adhesion frequency was much higher on OA-surfaces (68 AE 40%, 59 AE 30%, 75 AE 33%, and 84 AE 25% from 10 S. aureus WT, 8 DsrtA cells, 17 E. coli FimH + and 20 FimH À cells, respectively; Fig. 4a and c) than on SL-surfaces (36 AE 35%, 14 AE 8%, 47 AE 28% and 58 AE 27% from 10, 8, 20 and 13 cells, respectively; Fig. 4a and c) , implying that the sophorose group plays an important role in preventing adhesion. Increased, yet less pronounced, adhesion frequency was also observed on This journal is © The Royal Society of Chemistry 2019 SL 0 -surfaces ( Fig. 4a and c) , 22 which suggests that the conformation of the aliphatic chain also plays some role. All strains showed rather weak adhesion forces on OA-, SL 0 -and SL-surfaces ( Fig. 4b  and d ), which may be linked to their similar intermediate hydrophilicity. 22 Our finding that the antiadhesion activity of SL-surfaces is mainly controlled by the sophorose unit emphasizes the role of the structural and conformational properties of the sugar moiety. We speculate that hydration forces associated with the sophorose headgroup largely contribute to repel bacteria. Hydration repulsion results from the structuring of a thin layer of water on polar surfaces, preventing them to come into tight contact. 36 Forces between membranes made of zwitterionic phospholipids feature strong hydration repulsion and water structuring effects which result from the large electric dipoles of the headgroups. 37 Uncharged glycolipids show hydration forces as well, though they are weaker as the headgroups only possess small electric dipoles (hydroxyl groups). 37 The repelling properties of SLs may also involve repulsive forces associated with oligo(ethylene oxide) chains. Surfaces terminated with short chains (n = 2 to 6 units) of oligo(ethylene oxide) strongly prevent protein adsorption. 38, 39 The ability to resist fouling has been linked to the high degree of solvation and disorder of the (ethylene glycol) chains. We thus suggest that the antifouling behavior of SLsurfaces involve water-mediated repulsions between SL and cell surfaces.
Soluble sophorolipids inhibit bacterial adhesion to abiotic surfaces
As soluble SLs have been shown to disrupt bacterial biofilms, 21 we wondered if SLs in solution can efficiently inhibit the interactions of S. aureus and E. coli with hydrophobic and hydrophilic surfaces. Although there were substantial variations from one cell to another, we found that addition of the glycolipid at a concentration ranging from 1 to 100 mg/ml generally reduced the adhesion probability ( Fig. 5 , left) and adhesion force (Fig. 5 , right) of both strains. SLs showed stronger blocking capacity on S. aureus ( Fig. 5a and b) than on E. coli ( Fig. 5c and d) . Initially, the former strain exhibited stronger adhesiveness, which decreased as the concentration of soluble SLs increased. The antiadhesion activity was more pronounced on hydrophobic surfaces (in red) than on hydrophilic ones (in blue). Interestingly, forces observed on all surfaces at high SL concentration were in the range of forces measured on SL-modified surfaces (B200 pN). These results show that soluble SLs can be efficiently used to reduce bacterial adhesion on a broad range of materials, regardless of their hydrophobicity. In line with the amphiphilic nature of glycolipids, we propose that the mechanism of action involves a surfactant effect whereby SL molecules accumulate at the interfaces to lower the cell-water and substrate-water interfacial tensions.
Conclusions
Antiadhesion therapies against bacterial pathogens are traditionally based on the use of soluble inhibitors targeting the bacteria-host interface. 17, 40, 41 In the prototypical uropathogenic E. coli, a high-affinity inhibitory mannoside targeting FimH was shown to inhibit intestinal colonization by the pathogens, suggesting they could markedly reduce the rate of urinary tract infections. 42 Although valuable, these strategies are usually highly specific against a given pathogen, and thus do not exhibit a large spectrum of action. We have shown here that SL glycolipids feature unusual high-efficiency and broad-range antiadhesive properties against Gram-positive and Gramnegative pathogens, making them ideally suited to fight biomaterial-associated infections. SL-surfaces represent an innovative potential application of so-called glycoarrays, i.e. glycosylated substrates that are classically used to favor and/ or study the interaction of carbohydrates with proteins and cells. 43, 44 What we discovered here is that SL-based glycoarrays have strong antifouling properties. We believe that the unexpected high efficacy of SLs as antifouling surfaces involves repulsive forces between the sophorose headgroups and cell surface components, originating from hydration forces such as in phospholipid membranes, and from solvation/disorder forces as in oligo(ethylene oxide) chains. In addition, soluble SLs strongly block bacterial adhesion to solid surfaces, owing to their remarkable surfactant and detergent properties. We anticipate that force nanoscopy will become an important tool in nanomedicine to test the efficiency of bioinspired antifouling compounds.
Earlier work has shown that SL-surfaces have biocidal properties. 16, 22 However, in these experiments bacteria were incubated with SL-surfaces for several hours, whereas here antiadhesive effects were measured within the first seconds of cell-substrate contact. These observations lead us to propose a two step mechanism for the antibacterial activity of SLs, both of which relying on their surfactant properties: at short timescales, antiadhesive effects dominate, both when glycolipids are immobilized and in solution, while the biocidal action comes into play at longer timescales.
Our study is of clinical significance as it offers new prospects for the design of bio-derived antifouling materials. As catheterassociated infections caused by S. aureus ad E. coli represent a common medical problem worldwide, SL-based coatings hold promise for developing innovative anti-infective catheters and other implanted biomaterials. Unlike antibiotics, SLs show a broad range of activities over a wide range of timescales, they are produced at low cost in large amounts, have low toxicity and high biocompatibility, and are not expected to contribute to bacterial resistance.
Methods

Chemicals and surface preparation
Cysteamine (cys), N-hydroxysuccinimide (NHS), 1-(3-(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC) and oleic acid (OA) were obtained from Sigma. All solvents were reagent-grade and were used without any further purification. Water was purified with a Milli-Q system (ELGA LabWater). Deacetylated acidic cis C18 sophorolipids (SL) were provided by Bio Base Europe Pilot Plant (Batch 5 in ref. 45) . Deacetylated acidic fully saturated C18 sophorolipids (SL 0 ) was derived from the previous one using a Pd-catalyzed hydrogenation reaction described in ref. 46 .
Sophorolipids (SL, SL 0 ) and oleic acid (OA) were grafted onto flat polycrystalline gold substrates via a self-assembled monolayer of short aminothiols, as described previously. 22 Briefly, glass coverslips coated with a thin layer of gold by vacuum evaporation were immersed in an ethanol solution containing 10 mM of cysteamine (cys) for 3 h, rinsed with ethanol, and dried with N 2 . Substrates and cantilevers were then immersed for 3 h in a solution containing 50 mg mL À1 sophorolipids whose carboxylic acid termination having been previously activated into a succinimide ester using a mixture of EDC and NHS (molar ratio NHS : EDC = 1 : 2). Finally, after incubation, sonication and successive rinsing in ultrapure water and ethanol were carried out to remove non-covalently grafted reactants before drying under a flow of N 2 . These coatings were previously characterized by infrared spectroscopy, X-ray photoelectron spectroscopy and quartz-crystal microbalance. 16, 22 All these techniques confirm that the glycolipids were efficiently attached to the surface via amide bonds, forming a layer of around 30 Å.
Hydrophobic and hydrophilic substrates were prepared by immersing gold-coated substrates in ethanol solutions containing 1 mM 1-dodecanethiol (Sigma-Aldrich; 98%) or 1 mM 11-mercapto-1-undecanol (Sigma-Aldrich; 97%) overnight, rinsing them with ethanol, and drying them under N 2 .
Bacterial strains and growth conditions
Wild-type (WT) S. aureus strain Newman and its mutant (DsrtA) deficient in sortase A, the enzyme responsible for anchoring CWA proteins to peptidoglycan, were cultured in Trypticase soy broth (TSB) overnight at 37 1C under agitation, then washed twice in prewarmed TSB and grown again at 37 1C to exponential phase (until an optical density at 600 nm of 0.3 was reached). E. coli strains UTI89 WT (FimH À ) and the FimH UTI89 strain engineered for continuous fimbriation (FimH + ) were cultivated overnight in lysogeny broth (LB) at 37 1C under agitation. Before AFM experiments, cells were harvested by centrifugation, washed twice in phosphate-buffered saline (PBS), and diluted 1 : 100 in PBS.
Single-cell force spectroscopy
Colloidal probes were obtained by attaching a single silica microsphere (6.1 mm in diameter; Bangs Laboratories) with a thin layer of UV-curable glue (NOA 63; Norland Edmund Optics) onto triangular tipless cantilevers (NP-O10; Bruker) and using a NanoWizard III AFM System (JPK Instruments). These colloidal probes were immersed for 1 h in Tris-buffered saline (pH 8.5) containing 4 mg mL À1 dopamine hydrochloride (Sigma), rinsed in Tris-buffered saline (pH 8.5), and used directly for cell-probe preparation. The nominal spring constant of the colloidal probe cantilever was B0.06 N m À1 , as determined by the thermal noise method.
For cell probe preparation, 50 mL of a diluted cell suspension was deposited into a Petri dish where the functionalized surfaces were glued on double tape at a distinct location, and the system was filled with 3 mL of PBS. The colloidal probe was brought into contact with an isolated bacterium and retracted to attach the bacterial cell; proper attachment of the cell on the colloidal probe was checked using optical microscopy. The cell probe was then moved towards the surfaces to measure cellsurface interactions. Force curves were recorded at room temperature using an applied force of 0.25 nN, a constant approach-retraction speed of 1.0 mm s À1 , and a contact time of 100 ms. For inhibition with soluble SLs experiments, the sophorolipids were added at increasing concentrations from 1 mg mL À1 up to 100 mg mL À1 . Data were analyzed using the Data Processing software from JPK Instruments. Adhesion force and distance rupture histograms were obtained by calculating the maximum adhesion force and rupture distance of the last peak for each curve. The adhesion probability is calculated as the percentage of curves displaying adhesive events over the total number of recorded curves.
